Introduction
The USA produces 84 Mt of soybean [(Glycine Max (L.) Merr.] annually, which accounts for about 35% of global soybean production (USDA-National Agricultural Statistics Service, 2013; FAO-STAT, 2007 . About 85% of the U.S. total is produced in the Corn Belt, where the dominant cropping sequence is the 2-year maize-soybean rotation. Nebraska (NE) ranks fifth among U.S. soybean-producing states with about 6.6 Mt total annual production on a 1.9 Mha harvested with soybean. A unique feature of NE soybean production, compared with other states in the US Corn Belt, is that although only 45% of the state's hectarage is irrigated, it accounts for 52% of state's soybean production. An assured water supply not only enhances yield, but also reduces year-to-year variation, compared with rainfed yields that depend on both total rainfall amount and its distribution during the growing season (Grassini et al., 2014) . In NE, 5-year irrigated and rainfed soybean yields average a respective 3.9 and 3.1 Mg ha −1 (USDA-NASS). There is, however, considerable spatial and temporal variation in both rainfed and irrigated soybean yields, which could be attributed to weather, soil, and management factors and their interactions. However, there has been no attempt to study the underpinning causes for observed differences in rainfed and irrigated soybean yields among regions and years in NE.
NE has the largest share (15%) of irrigated crop area in the United States, a total of 3.5 Mha, of which about 90% is cultivated with maize (65%) and soybean (25%) (USDA-NASS, 2008) . Pivot and surface irrigation is used on a respective 80 and 20% of the NE irrigated land. Ground water is the primary water source, with a total of 92,500 active irrigation wells in operation (USDA-NASS, 2011) . Because NE irrigated agriculture is not subject to drought-induced fluctuation in crop yields, it has attracted investment in livestock feeding operations, biofuel refineries, and of course, multiple irrigation equipment manufacturers. There is, however, a growing concern about the long-term sustainability of irrigated agriculture in NE due to concerns about groundwater depletion and water quality (Scanlon et al., 2012) . Despite these concerns, there is limited published research assessing on-farm irrigation water use, efficiency of irrigation water to produce grain, and underpinning factors that explain differences among years, regions, and farms. Using producerreported data, Grassini et al. (2011b) showed that irrigated maize in NE achieves a relatively high water productivity, although ca. 50% of the fields were likely to be over-irrigated and about 30% of total irrigation water use could be saved by replacing surface irrigation system by central pivots and better irrigation scheduling. This particular study was limited, however, to maize crops grown in a relatively small region in south-central NE and the underlying causes for the observed differences in irrigation amount among regions and years were not investigated.
Yield potential is defined as the yield of a crop cultivar when grown with water and nutrients non-limiting and biotic stress effectively controlled (Evans, 1993; Van Ittersum and Rabbinge, 1997) . When grown under optimal conditions, crop growth rate is determined only by solar radiation, temperature, atmospheric CO 2 and genetic traits that govern length of growing period, light interception by the crop canopy, and its conversion to biomass. Average on-farm soybean yield in NE is well below maximum yields >6 Mg ha −1 measured in experimental plots or contest-winning fields across the US Corn Belt, which might suggest a large gap between actual and potential yields (Specht et al., 1999) . However, no explicit quantification of yield gap has been performed for soybean in the US Corn Belt or other regions of the world. In the case of crop systems where producer yields are already high, and in the case of irrigated crop systems with little or no seasonal water stress, there is relatively close agreement between yield potential estimates based on maximum yields achieved by producers that occupy the upper percentiles of the yield distribution for a specific region-year versus estimates based on well-validated crop simulation models with a strong biophysical foundation or measured yields under near-optimal management conditions (Lobell et al., 2009; Van Ittersum et al., 2013) . Therefore, for high-yield crop systems, such as irrigated soybean in NE, a meaningful estimate of attainable yields can be determined for each region-year based on the yields attained by the best producers, which can be used, in turn, to estimate the size of the gap between attainable and average producer yields.
Availability of high-quality data on farm yields, inputs, and management practices is required for identifying major sources of spatial and temporal variation in yield, quantification of yield gaps, and alleviation of yield-reducing factors and inefficiencies in the use of agricultural inputs such as irrigation water and nitrogen fertilizer (Van Ittersum et al., 2013) . However, on-farm data are usually not available at a temporal and spatial degree of resolution required for a robust assessment of crop-system productivity and input use, even in developed countries with relatively high data availability such as USA. For example, publicly accessible, on-farm yield data in NE are limited to an annual county yield average for irrigated and rainfed crops (USDA-NASS, http://quickstats.nass.usda.gov/). Likewise, despite the continuous public and scientific debate about the use of the US Great Plains aquifer as a source of freshwater for irrigated agriculture, data on irrigation amount are limited to a statewide average value reported every 5 years by the Farm and Ranch Irrigation Survey (USDA-NASS, FRIS, http://www.nass.usda.gov/Surveys/ Guide_to_NASS_Surveys/Farm_and_Ranch_Irrigation/index.asp). A single yield and irrigation average value, per region, provides little information about how these two parameters vary amongst the population of farms within a region. That information is needed, however, to reliably discern the factors accounting for spatial and temporal variation in these two parameters as a means to identify ways to improve water use efficiency without decreasing yields or profit.
A number of studies have assessed the sources of on-farm yield variation in sunflower (Mercau et al., 2001; Grassini et al., 2009) , wheat (French and Schultz, 1984; Lobell et al., 2002; Calviño and Sadras, 2002; Sadras et al., 2002) , rice (Laborte et al., 2012) , cassava (Fermont et al., 2009) , banana (Wairegi et al., 2010) , and maize systems (Calviño et al., 2003a; Tittonell et al., 2008; Grassini et al., 2011a; Grassini et al., 2011b) . Villamil et al. (2012) investigated sources of field-to-field variation in rainfed soybean yields in Illinois (central US Corn Belt) using on-farm data but just from one growing season. Only the set of studies by Calviño and Sadras (1999) and Calviño et al., 2003b and Calviño et al., 2003c have assessed sources of inter-annual and spatial variation in soybean rainfed yields using on-farm data collected from a large number of years and farms in the Pampas of Argentina (34 to 37° S). This study documented strong associations between soybean yields and sowing date, water availability during the period of pod and grain setting, soil depth, and phosphorous fertilization. No previous study has attempted, however, to investigate sources of variation in yield or irrigation amount and efficiency within a region where both rainfed and irrigated soybean crop fields are often located adjacent to each other, and where sharp gradients of weather and soils co-exist within a relatively small geographic region, as it is the case in NE.
To address the dearth of knowledge about the drivers of observed spatial and temporal variation in soybean yield and irrigation amount in NE, in this paper we analyzed a large database containing on-farm field data collected annually from approximately 1,000 soybean commercial fields in six regions in NE during eight years (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . The number of years and regions was judged to be a suitable sample of a wide range of weather conditions. At the same time, the time interval (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) ) is short enough to justify an assumption of constant technology and, hence, assume that inter-annual variation in average yield is mostly due to weather variability and its associated impact on some key management decisions such as sowing date. Specific objectives of this paper are to (i) provide a quantitative analysis of on-farm soybean yield and total irrigation amount in NE, (ii) identify underpinning weather and management factors that explain spatial and temporal variation in these two parameters, and (iii) estimate irrigation-water use efficiency and yield gaps of irrigated soybean.
Materials and methods

Nebraska Natural Resources Districts data reporting system
State law divides NE into 23 Natural Resources Districts (NRDs, http://www.nrdnet.org/), each serving as a local government entity with authority to establish regulations and incentives to protect and conserve natural resources within the district. Each NRD sets its own priorities and develops its own programs to best serve local needs. Crop producers with fields located in pre-designated reporting areas are required to provide field-specific agronomic information to the local NRD office, including crop species sown, yield, applied nitrogen fertilizer, and amount of irrigation water (if any) used. Field size typically ranges from 30 to 60 ha. Soybean yields are machine-harvested and expressed at 13% moisture content. The reporting area and number of reporting fields is consistent among years, but varied among NRDs. Information provided by producers can be sometimes verified with the attached grain elevator tickets or yield maps, but the latter documentation is not mandatory. For the present study, we used data from 2004 to 2011 crop growing seasons.
Weather and soils in the NRD reporting regions
Soybean production area is located in the central and east regions of NE (Figure 1 ). Within this production area, annual growing degree days (GDD, T base = 10 °C) and total precipitation decreases from a respective 2000 to 1500 °Cd and 800 to 500 mm along a 400-km SE-NW transect. Producer-reported data were aggregated into six areas, which were delimited based on dominant climate, soil, and landscape attributes as well as on dominant water regimes ( Figure 1 and Table 1 ). The six defined reporting regions portray well the range of agro-climatic regions where crops are grown in NE, as previously delineated by Zhou et al. (2003) . Average soil available water holding capacity (AWHC) ranges from 304 to 111 mm across regions. High and less variable values of AWHC were notable for the soils found in the south-central and south-west regions I and IV (274-304 mm, CV < 15%), while the lowest AWHC values were evident in the north-central region VI (111 mm, CV = 24%). The other regions (II, III, and V) exhibited intermediate AWHC values, but also with high spatial variation (197-220 mm, CV = 31-44%).
Soybean sowing in NE typically begins 12-15 days after maize sowing has started and is concentrated in the first three weeks of May, depending upon site-year specific weather conditions in early spring. Seeding rates typically range from 35 to 45 seeds m −2 which is generally sufficient to ensure an optimal plant density for yield maximization. Only indeterminate cultivars are grown in NE, and these span a maturity group (MG) range from 2.4 (north-central region) to 3.6 (south-west region) following the spatial gradient in growing season length (Figure 1 ). 1 Annual patterns of incident solar radiation, maximum (T max ) and minimum temperature (T min ), precipitation, and reference grass-based evapotranspiration (ET 0 , Penman-Monteith-FAO 56) for three locations that exhibit contrasting weather conditions at the ends of the N-S and E-W transects are shown in Figure 2 : Holdrege (south-central region I); Beatrice (south-eastern region IV), and O'Neill (north-central region VI). The climate is continental, with cold winters and hot summers. Peak solar radiation, temperature, and ET 0 occurs in July, which is coincident with the early soybean reproductive stages (R1-R4), then decreases slightly in August when most of the seed filling phase (R5-R6) takes place. Rainfall distribution follows a monsoonal pattern, with the majority of annual precipitation occurring in the May to September growing season (61% at Holdrege, 63% at Beatrice, and 64% at O'Neill). Early season water deficits are rarely encountered due to the high soil water content attained in most seasons before or shortly after sowing because of the relatively high rainfall and low ET 0 during April and May. Therefore, the soybean irrigation season typically commences after July 1st, except for fields with sandy soils where irrigation may have to be initiated earlier. Intensity and probability of water stress during reproductive stages increases along the E to W transect. Annual water deficit, estimated as difference between total precipitation and ET 0 , is −735 mm in Holdrege, −557 mm in Beatrice, and −599 mm in O'Neill, well above the annual water deficit amount associated with eastern locations in the US Corn Belt such as Ames, Iowa (−133 mm). Hence, successful production of soybean in NE depends on stored soil moisture that accumulates from snow melt and spring rains, plus irrigation if available.
Comparison of NRD versus NASS yield data
To evaluate the quality of the NRD-collected data, the NRD soybean seed yields for the six reporting regions were compared with yield data independently collected by USDA-NASS. Annual average irrigated and rainfed soybean yields reported by USDA-NASS (http://quickstats.nass.usda.gov/) were retrieved for the 2004-2010 crop season for the counties that overlap with the area of the six NRD reporting regions. Agreement between both sources of yield data was assessed by calculating the root mean square error (RMSE) and mean error (ME) as follows:
where Y NRD and Y NASS are the producer-reported NRD yield average and the USDA-NASS county yield average, respectively, and n = number of pairs of NRD and USDA-NASS yield data. Linear regression analysis was performed to assess biases in the relationship between NRD versus NASS yields and t-tests and confidence intervals were used to detect statistically significant departures of the slope and intercept estimates from null hypothesized values of one and zero, respectively. Also, paired t-tests were conducted to detect significant differences between NRD versus NASS irrigated and rainfed yields.
Descriptive analysis of actual yields and applied irrigation amount
For each region × year × water regime combination, descriptive statistics were calculated to analyze distributions of soybean yields and total irrigation amount, including mean, median, 5th and 95th percentiles, interquartile range (IQR), coefficient of variation (CV, in %), skewness, and kurtosis (Supplementary Table 1 ). IQR was calculated as the difference between the values at the upper and lower quartiles (i.e., the 75th and 25th percentile, respectively). A CV (hereafter called an inter-annual CV) was calculated to quantify year-to year variation in annual average yield or irrigation amount. Another CV (hereafter termed an intra-annual CV) was calculated to assess field-to-field variation in individual field yield or irrigation amount for a given region-year case. Normality of yield and irrigation amount distributions was assessed with a Shapiro-Wilks test (P < 0.001). Distributions of producer yield and total irrigation amount are presented as box plots. In each box plot, the lower and upper box boundaries are the 25th and 75th percentiles, the line inside the box indicates the median, the whiskers (error bars) above and below the box indicate the 90th and 10th percentiles, and the dots above and below the whiskers indicate the 95th and 5th percentiles.
Following the method described by Lobell et al. (2002) , a twoway analysis of variance (ANOVA) was used to quantify the relative importance of temporal (year-to-year) versus spatial (region-toregion) variation in yield and irrigation amount. The analysis was performed separately for irrigated and rainfed soybean. The residual of the ANOVA was taken as a measure of the field-to-field variability. Sources of field-to-field variability can arise from soil type, farm management, or both, but were not analyzed in the present paper. The proportion of sums of squares attributable to year, region, year × region, and field-to-field variability was used to quantify the relative influence of each of these factors on yield and irrigation amount variation. The ANOVA was repeated 25 times using bootstrap resampling of 25 fields in each region-year each time to obtain a balanced experimental design because the number of reporting fields varied among regions ( Table 1 ). The test indicated that using either a balanced versus unbalanced number of observations or different subsets of randomly selected fields has little impact on the results. Hence, in the present study, we report only the ANOVA results derived from using the entire database.
Assessment of explanatory factors for variation on soybean seed yield and applied irrigation amount
The influence of meteorological factors on soybean yields was assessed using Pearson correlation analysis. Yield and meteorological factors averages by region, year, and region-year were used to assess inter-annual, geospatial, and overall variability, respectively. Because weather impact on yields can be masked by management and soil factors, separate correlation analyses were performed using average seed yields and yields at the 95th yield percentile (hereafter called P95). Average daily incident solar radiation, T max , T min , relative humidity, total rainfall, photo-thermal quotient, number of days with T max > 34 °C, sum of heat units above 34 °C on an hourly basis, total ET 0 , and total water deficit (rain minus ET 0 ) were calculated for the period between July 1st and August 31st, which coincides roughly with the R1-R6 stages in soybean. Weather conditions for the July-August period are shown in Table 2 for each year over the 8-year (2004-2011) timespan. The correlation matrix showing the correlations among meteorological factors can be found in the Supplementary Table 1 . Separate analysis using the July 15th-August 31st time interval (which covers roughly the R3-R6 stage period) showed no improvement in the predictive power of the meteorological factors; in fact, it decreased for rainfed crops (data not shown). Following Fischer (1985) , a photo-thermal quotient (Q) was calculated as the ratio between incident solar radiation and average temperature during the July 1st-August 31st time interval. Briefly, Q integrates the effects of solar radiation and temperature on crop growth and development during critical stages for yield determination. For the calculation of Q, a T base = 0 °C was assumed for reproductive stages of soybean based on Setiyono et al. (2007) . A threshold of 34 °C was chosen for stressful high temperature, based on data reported by Rondanini et al. (2003) and Cicchino et al. (2010) for sunflower and maize, respectively. Following Snyder (1985) , the hourly sum of temperatures above 34 °C was performed using a sine function to interpolate between the T max and T min reported for each day. Pearson correlation coefficient (r) and F-test P-values were calculated for all relationships. Monthly average incoming solar radiation, maximum (T max ) and minimum temperature (T min ), total rainfall, and total grass-based reference evapotranspiration based on long-term (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) weather data at stations located in Holdrege (southcentral, region I), Beatrice (south-eastern, region IV) and O'Neill (north-central, region VI). Error bars indicate ±SE of the mean and are shown only for rainfall. Arrows in the bottom set of panels indicate average dates of soybean sowing, pod development (stages R3-R4) and physiological maturity (R7). Average (±SE of the mean) annual water deficit (total rain minus ET 0 , in mm) for the three stations is also shown in the bottom panels. a. Percentage of pivot (P) and surface (S) irrigated fields is indicated. Groundwater is the major source of irrigation water, except for region II and III where surface water is also an important source. b. Separate values are indicated for those regions for which reported data from irrigated (I) and rainfed (R) fields are available. 2004 data were not available in regions I and V. c. Average available water holding capacity (AWHC) was calculated from STATSGO soil database (Soil Survey Staff, USDA-NRCS, 2013). The correspondingly regional median values were a respective 305, 233, 260, 282, 190, and 112 mm. d. Long-term (1997-2012) averages (±SE) for annual total rainfall and grass-based Penman-Monteith-FAO reference evapotranspiration (ET 0 ) calculated following Allen et al. (1998) were based on the weather stations located within or near the data-reporting region.
Sowing date is the management factor with the greatest impact on soybean yields in the US Corn Belt (Bastidas et al., 2008; De Bruin and Pedersen, 2008; Villamil et al., 2012; Rowntree et al., 2013) . Linear regression analysis was used in the present study to assess the impact of sowing date on inter-annual yield variation in irrigated and rainfed soybean. For each region, annual average producer-reported seed yields were regressed against the date at which 50% of total area planted with area was achieved in each year. The date at which 50% sowing progress was achieved was calculated from the sowing progress data provided by the Risk Management Agency (RMA, http:// www.rma.usda.gov/) for each year from 2005 to 2011 for the counties where the NRD reporting regions are located. Separate estimates of date of 50% sowing progress were calculated for rainfed and irrigated soybean in each region-year. The RMA database coverage exceeded 80% of total soybean county harvested area reported by USDA-NASS, hence, the sowing date data used in the present study were highly representative of the entire population of soybean fields in each regionyear. Linear regression analysis was also used to investigate relationships between average total irrigation amount (dependent variable) and total rain, total ET 0 , and water deficit (independent variables) for each region. The three independent variables were computed for the time period of July 1st and August 15th, which coincides roughly with the irrigation season in NE. Slope, Pearson correlation coefficient (r), and F-test P-value were calculated for all relationships.
Because distributions of yield and applied irrigation amount deviated from normality in a respective 61 and 52% of the cases (Shapiro-Wilks test, P < 0.001), separate analyses were performed using the mean and median values. Using the median instead of the mean values improved correlations for applied irrigation, but not for yield (Table  3 and Table 5, Supplementary Tables 3 and 4) . Hence, only the analysis results for average yield and median irrigation amount are shown.
Yield gap and irrigation-water use efficiency of irrigated soybean
We used P95 in each region-year as an estimate of the attainable irrigated yield for soybean and the yield gap was calculated as the difference between the attainable yield and the average irrigated yield. Attainable yield and yield gap were not calculated for rainfed soybean due to uncertainty in using P95 as a proxy to yield potential in water-limited cropping systems (Van Ittersum et al., 2013) . Following Lobell et al. (2002) , the magnitude of the IQR was used as a measure of the gap between skillfully-managed and sub-optimally managed fields, although the size of the IQR can also be determined by differences in soil type, irrigation system type, or both.
Following Howell (2001) , irrigation water-use efficiency (IWUE) for each region-year was calculated as follows:
where Y IR and Y RF are the average producer irrigated and rainfed yield, respectively (Mg ha −1 ), and I is the average producer-reported total irrigation amount (mm). Separate estimates of IWUE were calculated for pivot-and surface-irrigated fields in region I, where reliable information on irrigation system type was available. County rainfed yield averages were retrieved from USDA-NASS for those regions for which rainfed NRD-yield data were not available (i.e., regions I, II, IV, and V).
Quantification of nitrogen supply
Average annual N supply was calculated as the sum of soil N-NO 3 − at sowing, N fertilizer, and N-NO 3 − in applied irrigation in each region-year. N applied with manure was considered negligible because manure was applied in <2% of the soybean fields. Soil N-NO 3 − at sowing comes from residual N of previous maize crop and mineralization during the non-growing season and it was calculated based on N-NO 3 − measured in the upper 0-0.9 m layer before N application around sowing. Applied N fertilizer was calculated based on average N fertilizer rate and proportion of fields that received N fertilizer. Irrigation water N-NO 3 − was calculated based on total irrigation amount and measured N-NO 3 − in water samples collected from each well in each year. The relative contribution of each source of N to the total N supply was calculated.
Results and discussion
Validation of NRD soybean seed yields against USDA-NASS county averages
The producer-reported NRD yield data aligned well with yield data independently acquired and reported by USDA-NASS (Figure 3 ). Producer-reported NRD yields ranged from 2.1 to 4.6 Mg ha −1 across region-year cases. Average irrigated and rainfed yields were 4.0 and 2.9 Mg ha −1 , respectively. There was good agreement between producer-reported NRD and USDA-NASS county yield averages as reflected by the low RMSE (0.2 Mg ha −1 ) and ME (0.1 Mg ha −1 ), which represent 6 and 2% of USDA-NASS yield average, respectively. There was no obvious bias in the comparison between NRD and USDA-NASS yields as indicated by the values of the slope (1.09) and intercept (0.24) of the liner regression line, respectively, which were not significantly different from one (P = 0.17) and zero (P = 0.25), respectively. However, NRD irrigated and rainfed yields were slightly higher (ME: 0.1 Mg ha −1 ; paired t-test P < 0.001) and slightly lower (ME: −0.1 Mg ha −1 ; paired t-test P = 0.09), respectively, than their corresponding USDA-NASS yields. The discrepancy in the rainfed subset of yield data was likely due to the producer-reported rainfed yield in region III, which over the eight years was consistently lower than USDA-NASS yield. Region III producer-reported rainfed soybean fields are located in a river valley of a single county, where sandy soils with low water holding capacity typically limit rainfed yields compared to rainfed yields in upland fields with heavier-textured soils elsewhere in the county. Thus, the USDA-NASS yields enumerated for random fields across the entire county are probably not the same population of fields in the producer-reported rainfed field dataset. In contrast, the cause of the small but consistent difference in irrigated yield between data sources is not clear. 
Producer-reported yield and variation across regions and years
Irrigation mitigates the yield limitation imposed by insufficient seasonal rainfall amount and/or inopportune timing of individual rainfall events, and the latter is critical with respect to the yield limitations that coarser soil textures impose on the available waterholding capacity. As a result, irrigated field yields tend to be higher and more stable than rainfed field yields (Figure 4) . That said, the ANOVA results indicate there was still a significant effect of region, year, and region × year interaction on irrigated yields (P < 0.001) (Table 3) , though the year effect was less than one-third that of the region effect (based on sum of squares for each factor). The nonsignificant region effect (P = 0.30) in the rainfed ANOVA likely reflects the fact that the only two regions with available rainfed yield data were adjacent to each other (regions III and V). As expected, the year effect (15%) accounted for nearly all of the modeled effect (18%). Average annual soybean irrigated yield ranged from 4.4 (region I) to 3.7 Mg ha −1 (region V), with very small inter-annual CV (range: 3-6% across regions). Despite the significant year effect, there was no detectable linear trend in average annual irrigated yield (P > 0.15), although a time interval of eight years may be too short to detect a low-magnitude trend in these data, except for an increasing trend in rainfed soybean in region V (P = 0.03), which was associated with a parallel increase in July-August rainfall in this region of about 14 mm per year from 2005 to 2011 (P = 0.05).
Without irrigation, soybean yields were substantively lower and more variable among years (2.8 Mg ha −1 in regions III and V, with respective CV of 18 and 11%). Remarkably, even in high-rainfall years (e.g., 2007, 2009, and 2010) , the box plot distributions for rainfed yields were well below those for irrigated yields (Figure 4) . The amount and timing of thunderstorm-mediated rainfall events tend to be (randomly) field specific and lengths of the rainfed yield box plots for any given year in Figure 4 are reflective of seasonal yield diversity in rainfed fields that accrues from that randomness. However, aside from the total seasonal crop water supply amount and its seasonal availability, one can hypothesize that non-water related factors also constrain productivity in rainfed fields. Notable in this regard are producer-mediated decisions. For example, it is likely that, over time, producers allocate their best fields on the farm to irrigated production. Also, producers tend to focus more time on management of crops in their irrigated fields to the detriment of crops in their rainfed fields, which is reflected in late sowing dates, the less common and lower N applications (see below Section 2.7), and lower P, K, and pesticides usage in rainfed fields (Grassini et al., 2014) .
For most region-year datasets, the distribution of soybean irrigated yields was negatively skewed and exhibited positive kurtosis (Figure 4, Supplementary Table 2 ). Stated succinctly, producer-reported soybean field yields tended to have a well-defined distributional peak that was close to the maximum yields, with the skewing attributable to some low-yielding fields. Negatively skewed yield distributions have also been reported for other high-yield crop systems such as irrigated wheat grown in good soils in Yaqui Valley, northwestern Mexico (Lobell et al., 2002) and irrigated maize in south-central NE (Grassini et al., 2011a; Grassini et al., 2011b) . However, this was not the case for rainfed soybean fields in regions III and V for which the yield distributions approached near-perfect normality. As it is evident in the box plots, intra-annual CVs for irrigated yield (15%) were much larger than inter-annual CVs across regions (5%) (Figure 2 and Supplementary Table 1). Greater intra-versus inter-annual yield variation in rainfed fields was also evident (22 versus 15%, respectively). In fact, ANOVA indicated that, for both irrigated and rainfed crops, a relatively small portion of total observed yield variability was explained by region, year, and region × year interaction effects (18%). The non-modeled residual variability in the error term (82%) reflects field-to-field yield variation which may not be totally random but might, in fact, be partitioned into sources of variation just in addition to years and regions, as shown in Table 3 , using field-specific data collected for crop management and soil type.
Inter-annual variation of soybean rainfed yields in regions III and V was strongly associated with total rainfall, and water deficit, and, to a lesser degree, ET 0 during the reproductive phase ( Figure 5 , Table  4 ). These results are consistent with the strong relationship between soybean rainfed yield and water availability during the pod and grain setting periods reported by Calviño and Sadras (2002) in the southern Pampas (Argentina), indicating that water availability during key reproductive stages is the major driver of water-limited productivity. In contrast, there was no single meteorological factor that consistently explained variations in irrigated yields across years within the same region (temporal variation), across region within the same year (spatial variation), or both. Co-linearity among weather variables further complicated the interpretation of the linear regression analysis (Supplementary Table 1 ). For example, temporal variation in irrigated yield was not related with high temperatures (>34 °C) while a negative relationship was found for rainfed crops (Table 4 ). The latter was associated with increasing ET 0 and water deficit as temperature increased (Table 4, Supplementary Table 1 ). In contrast, spatial yield variation was positively associated with high temperature (T > 34 °C) because the latter factor was, in turn, associated with warmer southern environments (region I), with earliest sowing dates, highest solar radiation, and relatively high Q, which, all together, resulted in higher average irrigated yield (Figure 4) .
The impact of some meteorological variables on soybean yield can also be masked by crop management and soil texture type. When the correlation analysis for yield and meteorological factors was performed based on P95, the explanatory power of solar radiation and photo-thermal quotient in explaining the overall variation across all site-years increased compared with the analysis based on average yields (Supplementary Table 3 ). Likewise, when the analysis was based on P95, the impact of rainfall, ET 0 , and water deficit on rainfed yield became negligible in region II, probably because the P95 represents those fields with best soils or those that benefit the most from the erratic rainfall spatial distribution within the region in each year.
A single management factor, in this case sowing date, had a more consistent and stronger impact on irrigated yields than any weather factor ( Figure 6 ). Yield decline associated with delayed sowing is associated with (i) shorter season length (V1-R7) leading to overall reduction in growth, (ii) lower number of reproductive nodes and grain number due to a shorter period from emergence to R5, and (iii) shorter seed filling period (Bastidas et al., 2008 and references cited therein). Depending upon the region and degree of delay in sowing, lower solar radiation and temperature during the reproductive phases in late-versus early sown crops can amplify the yield penalty. The yield penalty associated with one day of delay in sowing after May 1st in the present study ranged from 10 to 41 kg ha −1 d −1 , which did not differ much from Bastidas et al. (2008) (Table 1) . Finally, aside from the direct effect of sowing date on yield level, intra-annual yield variability also increased with later sowing date (r = 0.30, P = 0.01).
The fact that the sign and explanatory power of the relationships between yield and meteorological factors varied depending on year, region, and water regime (rainfed versus irrigated crops), together with the significant co-linearity among meteorological factors (Supplementary Table 1 ) and influence of other managements factors (specifically sowing date), highlights the weaknesses of empirical, generic statistical models based on a weather parameters, selected without a strong biophysical justification, to estimate current and future yields on a local or global basis. As first proposed in the now classic papers authored in the mid-1980s by French and Schultz (1984) and Fischer (1985) , and then further supported by Calviño and Sadras (1999) , we argue in favor of simple, agronomically meaningful models based on few, key environmental and management factors as an alternative to large statistical models with numerous variables, which have limited biological relevance because of intrinsic empiricism and co-linearity among independent variables. Asterisks denote significance at F-test * P < 0.15, ** P < 0.10, *** P < 0.05.
a. 2004 yield data were not available for regions I and V. b. Separate coefficients are shown for irrigated (IR) and rainfed (RF) crops in regions III and V. c. Each observation corresponds to an average per year (temporal variation), per area (spatial variation), or per year × area (both temporal and spatial).
Attainable yield and yield gaps in irrigated soybean production
Attainable yield of irrigated soybean, derived from the P95 in each region-year, ranged from 4.2 to 5.4 Mg ha −1 with an overall average of 4.7 Mg ha −1 (Figure 7a ). Highest and lowest average attainable yields corresponded to regions I and V, with a respective 5.0 and 4.5 Mg ha −1 , and 2009 and 2007 crop seasons, with a respective 4.9 and 4.5 Mg ha −1 . Variation in mean attainable yield across region-years was positively associated with radiation and Q during July and August (Supplementary Table 3 ) and negatively associated with sowing date (r = 0.50, P < 0.001). The region-year values of attainable yield derived in the present study (range: 4.2 to 5.4 Mg ha −1 ) were below the attainable yield of 6.4 Mg ha −1 value estimated by Specht et al. (1999) to be a 'functional' yield benchmark for a large population of U.S. soybean producers. Onfarm yields ca. 6 Mg ha −1 might be achieved but only under the best possible genotype × location × year × management interaction across a large geographic area as reflected by the fact that, across the 6,867 reported soybean fields used in this study, the maximum individual-field yield reported was 5.8 Mg ha −1 , which corresponds to an irrigated field in region I in 2010.
Average yield gap, expressed as percentage of the attainable yield, ranged from 9 to 23% across region-years, with an overall average of 16% (Figure 7b ). Average yield gap of irrigated soybean in NE is amongst the smallest yield gap values reported in the literature for cropping systems (Lobell et al., 2009; Van Ittersum et al., 2013) . The smallest and largest yield gaps were those in regions I (12%) and II (20%). The soybean yield gap value of 12% found in region I is very consistent with the reported yield gap of 11% reported by Grassini et al., 2011a and Grassini et al., 2011b for irrigated maize in the same region. The near-identical yield gap percentages for soybean and maize is remarkable, given the difference in the methodology used to compute yield potential (i.e., statistical analysis in the present study versus crop simulation modeling in Grassini et al., 2011a and Grassini et al., 2011b) . Such a concurrence indicates that statistical approaches can be as effective as crop simulation models in providing robust estimates of yield potential in crop production systems with adequate water supply amount, good management, and high quality soils (Van Ittersum et al., 2013) .
The IQR ranged from 0.3 to 1.4 Mg ha −1 across region-years, with an overall average value of 0.6 Mg ha −1 (Figure 7c ). This irrigated soybean value is about half of the IQR reported by Lobell et al. (2002) for irrigated wheat in Mexico of 1.6 Mg ha −1 and this soybean-wheat difference is consistent even when the comparison is based on IQR values expressed as % of the average yield level in each study (15 versus 26%, respectively). While some of the yield-reducing factors explaining the gap between high-versus low-yielding fields can be mitigated relatively easy (e.g., late sowing, incidence of diseases), weather-related factors are not manageable (e.g., hail, waterlogging) and soilrelated factors may require knowledge-intensive or non-economically viable solutions. Soil heterogeneity might also explain a portion of the yield gap because producers tend to apply uniform irrigation management in their fields, leading to sub-and supra-optimal irrigation amounts and variation in yield. For example, region II exhibited highly heterogeneous soils and, in turn, had the largest IQR in yield (0.8 Mg ha −1 ) and irrigation amount (194 mm).
Producer-reported total irrigation amount and variation across regions and years
The ANOVA indicated a significant region, year, and region × year interaction effect on irrigation amount (P < 0.001) ( Table 3) . Average annual irrigation amount ranged from 155 (region IV) to 396 mm (region VI), with relatively large inter-annual CVs (range: 8 to 29% across regions) (Figure 8 ). Largest average irrigation amounts corresponded to regions that exhibited all or some of the following conditions: large water deficit (I, II, and VI), relatively high proportion of surface-irrigated fields (I and II), and low soil water holding capacity (region II and VI) (Table 1, Figure 1 and Figure 2) . In all regions but one (region IV), median irrigation amount declined over time at a rate that ranged from 8 to 26 mm per year (P < 0.10). The latter was associated with a parallel increasing trend in July 1-August 15 total rainfall and water deficit during the 2004-2011 time period (P < 0.05) ( Table  5) . Inter-annual variation in median applied irrigation was negatively associated with July 1-August 15 total rainfall and water deficit and positively related with ET 0 in all regions (Table 2 ). Water deficit integrated the effect of both rainfall and ET 0 and had greater explanatory power than either of these two variables alone. The response of irrigation amount to additional rainfall, ET 0 or water deficit was greater and has greater explanatory power in the driest regions (I, II, and VI) than in the more humid eastern regions (III and V). In essence, as the water deficit became larger (i.e., more negative), producers in the driest regions applied relatively more irrigation compared with their counterparts in humid regions (ca. 0.6 versus 0.4 mm of irrigation mm −1 water deficit, respectively).
The distribution of total irrigation amount was positively skewed, with a well-defined peak as reflected by the positive kurtosis, indicating that there was an important number of fields that likely received excessive irrigation amount (Figure 8, Supplementary Table 1 ). Similar to yield, irrigation amount exhibited much higher intra-annual than inter-annual variation (average CV across regions was a respective 46 versus 18%). In fact, the ANOVA results indicated that 70% of the variation in irrigation amount was attributable to field-to-field variation (Table 3 ). The IQR averaged 117 mm, ranging from 64 (region I, pivot-irrigated fields) to 194 mm (region II) (Figure 9a ). Interestingly, no consistent relationship between intra-annual variability in irrigation amount and either IQR, intra-annual CV, rainfall, ET 0 , or water deficit was found in any of the regions, indicating that the causes for field-to-field variation in irrigation amount were persistent across years, except in extremely dry years such as 2004 in region II and III (Figure 9a ). Field-to-field variation in irrigation amount can be associated with differences in irrigation systems (pivot, surface), irrigation scheduling, and soil texture among fields. Variation in irrigation amount was much lower in pivot-versus surface-irrigated fields for region I with respective CVs of 35 and 54% ( Figure  8 and Figure 9a ). Higher variability among surface-irrigated fields is not surprising because an efficient surface-irrigation management requires a knowledge-based and labor intensive skill that ensures recharging the soil water content in the crop root zone, applying water uniformly along the furrows, and minimizing runoff, all of which is dependent on soil conditions, field topography, row spacing, length of furrows, and re-use of irrigation runoff (Yonts et al., 2007) . Hence, an important portion of the variability in irrigation amount in regions I, II and III can be attributable to the relatively high proportion of surface-irrigated fields (ca. 50% of total irrigated fields). High soil variability within regions II, III and V may also be a factor explaining field-to-field variation in irrigation amount (Figure 1 , Table  1 ). It is remarkable that, even in regions with relatively homogenous were not available for regions I and V. Producer-reported data were disaggregated into two irrigation system only in region I, with the pivot type denoted by red boxes and the surface type by yellow boxes. Lower and upper boundaries for each box are the 25th and 75th percentiles. The line inside each box indicates the median. Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles. Dots above and below the whiskers indicate the 95th and 5th percentiles. Asterisks indicate that irrigation amount distribution deviates significantly from normality (Shapiro-Wilks test; P < 0.001). In regions II, III, and IV, fields were surface-and pivot-irrigated in an approximate 50:50 ratio, while in regions IV, V, and VI nearly all fields were pivot irrigated. The regional means over years and the inter-annual coefficient of variation (CV) are also shown. Table 5 . Linear regression analysis results for the variables of median total irrigation amount (dependent variable) relative to the independent variables of total July 1-August 15 rain, reference evapotranspiration (ET 0 ), and crop water deficit (calculated as rain minus ET 0 ). Linear regression slope (b ± standard error), Pearson correlation coefficient (r), and F-test P-value for the regression are shown for each region. Region IV data were omitted because the proportion of surface-and pivot-irrigated reporting fields was not consistent across years. soils, and same type of irrigation system, a large variation in irrigation amount applied in the same year was still evident, as reflected by the large CV and IQR in regions I and VI in Figure 8 and Figure 9a . Despite the fact that reporting regions were relatively small, the spatial variability in rainfall might explain a portion of the field-to-field variation in irrigation amount. However, it is likely that differences in irrigation management, and particularly in irrigation scheduling account for a major portion of the observed field-to-field variation as found in previous studies in irrigated maize in NE (Grassini et al., 2011b; Irmak et al., 2011) . Average on-farm IWUE across region-years was 5.5 kg ha −1 mm −1 , ranging from 2.4 to 9.9 kg ha −1 mm −1 (Figure 9b) . Remarkably, efficiency in the use of irrigation versus rainfall water to produce seed yield was almost identical as can be inferred by comparison of the average on-farm IWUE of 5.5 kg ha −1 mm −1 and the 5.6 kg ha −1 mm −1 slope value of the relationship between soybean rainfed yield and total rainfall during the reproductive phase (Figure 3) . Also, the range of on-farm IWUE compares well with previous reported values of water-use efficiency for soybean in NE. Using an experimental design that included 6 water treatments and 19 high-yield commercial soybean cultivars replicated in two growing seasons with contrasting water supply amount and distribution in eastern NE, Specht et al. (2001) found average IWUE values of 2.6 (wet season) and 4.7 kg ha −1 mm −1 applied irrigation (dry season). In another study, Suyker and Verma (2009) estimated soybean water-use efficiency of ca. 8 kg ha −1 mm −1 crop ET (yield adjusted to 13% moisture) based on eddy covariance flux measurements in commercial-scale rainfed and irrigated fields during two growing seasons. The 8 kg ha −1 mm −1 value represents the attainable IWUE if all irrigation water is transpired by the crop, hence, it can be used as a benchmark to diagnose on-farm efficiency. Following this approach, average on-farm IWUE of irrigated soybean in NE of 5.5 kg ha −1 mm −1 was 32% below the attainable IWUE, which is very consistent with the analysis of water productivity in irrigated maize in NE reported by Grassini et al. (2011b) . However, we suspect that attainable IWUE for soybean may be >8 kg ha −1 mm −1 because (i) in some region-years, on-farm IWUE approached or even exceeds the attainable IWUE (Figure 9b ) and (ii) sowing dates in the study by Suyker and Verma (2009) were relatively late (May 20 and June 2), hence, it is likely that higher yields and thus higher IWUE may have been achieved if crops would have been sown earlier.
There was significant variation in IWUE among years as indicated by the high inter-annual CV (range: 15-31% across regions). Irrigation system type had the largest impact on IWUE. In region I, where it was possible to disaggregate the data by irrigation system, IWUE was 65% higher in pivot-irrigated than in surface-irrigated fields (7.6 versus 4.6 kg ha −1 mm −1 , respectively). Spatial and interannual variation in IWUE was not consistently associated with total rainfall, ET O , crop water deficit, or average relative humidity during the July 1-August 15 time period (P > 0.15). It was possible, however, to aggregate the five regions shown in Figure 9b into three categories: low irrigation amount, high IWUE (regions I and II), low irrigation amount, low IWUE (regions III and V), and high irrigation amount, low IWUE (region VI). Underpinning factors for low-IWUE regions may be associated with excessive irrigation amount compared with crop water requirements that are, in turn, related to (i) difficulties to match irrigation timing with in-season rainfall events in the higher rainfall areas (regions III and V) and (ii) dealing with the need for more frequent irrigation events in fields that have sandy soils with low water holding capacity (region V) (Table 5) . Year-toyear variation on IWUE across years, within the same region, may be related to the degree of synchronization between applied irrigation and rainfall events. For example, in years in which rainfall events randomly occurred shortly after irrigation was applied would lead to low IWUE. Also, in hot summers, producers must deal with restrictions on electricity supply (needed to power ground water pumps) for irrigation in rural areas, due to competition with electricity use for air conditioning in urban areas, which could lead to sub-optimal irrigation timing in some regions.
N supply in soybean production
Components of N supply for irrigated soybean production measured in this study included inorganic soil N-NO 3 − , irrigation water N-NO 3 − , and N fertilizer, and the average supply was 94 kg N ha −1 from these sources (Table 6 ). Of the total measured N supply, 55, 39, and 6% were respectively attributable to soil N-NO 3 − at sowing, irrigation water N-NO 3 − , and N fertilizer, respectively. N fertilizer, typically applied as 'starter' on or shortly after soybean sowing, was reported in <10% of the fields in all regions, except for northern regions V and VI (14 and 41% of the fields, respectively). Starter N application is more frequent in relatively cooler springs (which is the usual case in these two regions) and in sandy soil fields with low N mineralization capacity which induces producers to apply starter N to ensure a more vigorous seedling establishment and early vegetative growth. Average (2004 Average ( -2011 mean temperature in regions V and VI in the April 15-May 15 interval was 11.4 and 11.2 °C, respectively, whereas it ranges from 12.5 to 13.7 °C across the other four regions. Remarkably, soybean received, on average, about 40 kg N ha −1 via irrigation water application, mostly applied during the reproductive (Table 6 ). In high-yield soybean systems (>4.5 Mg ha −1 ), the extra N input through irrigation water during reproductive stages can help alleviate N limitation to crop growth due to declining biological N fixation and insufficient soil N (Salvagiotti et al., 2009 ). On the other hand, rainfed soybean fields rarely received N fertilizer inputs which, together with the lack of N input via irrigation water, helps explain the difference in yield between irrigated and rainfed yield that is unrelated per se with water supply (see Section 3.2).
Despite substantial N supply from soil N-NO 3 − at sowing, N-NO 3 − in applied irrigation and fertilizer as found in this study (average of 94 kg N ha −1 ), symbiotic N 2 fixation is likely a much larger source of N for the soybean crop. For example, based on average irrigated yield levels of 3.7 to 4.4 Mg ha −1 found in across regions in this study, total N uptake requirements would range from 300 to 360 kg N ha −1 and the contribution from N 2 fixation would be 50-55% of total crop N uptake (Salvagiotti et al., 2008) .
Conclusions
To our knowledge, this is the first study in reporting on-farm yield gaps, irrigation water use, and IWUE for high-yield irrigated soybean systems. Irrigated soybean yields are high and stable in NE, representing 84% of estimated attainable yield, when the latter is derived from highest-yielding fields. Irrigation attenuates spatial (i.e., regional) differentials in rainfall and in soil water holding capacity. The amount of irrigation applied each year depends on both rainfall and ET 0 . Remarkably, efficiency in use of rainfall and irrigation water to produce yield appeared to be almost identical. Spatial and annual variation in irrigated yields were not consistently explained by one or more of the ten examined meteorological factors. Instead, sowing date explained a large portion of the observed year-to-year variation in yield. In contrast, variation in rainfed yield was strongly related to rainfall during the reproductive growth phase. Another important finding was that field-to-field variation in yield and irrigation amount, even within relatively small and homogenous regions, was larger than year-to-year variation, reflecting the importance of producer management decisions, inherent soil-related constraints, and type of irrigation system. Future research will be oriented to understand causes of the observed field-to-field variation in yield and irrigation amount with the goal of identifying options to improve yield, water use efficiency, and profit. Table 6 . Mean (2004 Mean ( -2011 soil N-NO 3 − (0-0.9 m depth) just before or after soybean sowing date, N fertilizer application rate in soybean fields that did receive N, and non-fertilizer N-NO 3 − present in irrigation water in each of the six producer-data reporting areas. Proportion of fields that received an N application is shown in parenthesis. Also shown in the total N supply (sum of soil N-NO 3 − , N fertilizer rate weighted by % of fields that received N application, and non-fertilizer N-NO 3 − in irrigation water) is also shown. a. 2004 data were not available in region I and V. b. Soil N-NO 3 − in region VI was reported at a 0-0.6 m depth. c. Non-fertilizer N-NO 3 − in irrigation water was calculated based on producer-reported applied irrigation and N-NO 3 − concentration in irrigation water.
